mRNA turnover in mammals. We first asked whether The protein components and the mechanism of m 7
time, while the half-life of the uncapped RNA was apalso observed with uncapped RNA (lanes 6-8), further supporting the significant role of 3Ј to 5Ј exoriboproximately 60 min. The differential stability of the two RNAs that differ only by the presence or absence of the nucleases. Upon overexposure of the gel, a minor band in the 56 nucleotide range corresponding to a 5Ј end 5Ј cap suggests that a 5Ј to 3Ј exoribonuclease activity contributes to the turnover observed in these reactions.
block can be detected with the uncapped RNA consistent with the minor contribution for this activity. Furthermore, both RNAs degraded through a deadenylation process, as indicated by the presence of the phased poly ( (G 16 ) at their 3Ј end were generated (pcP-G 16 ). As times up to 6 hr postelectroporation, and the RNA were can be seen in Figure 1B and presented in graph form resolved and visualized. Similar to the results observed in Figure 1D , both RNAs are relatively stable when the in the in vitro decay system, RNAs containing a block 3Ј end is protected. However, the differential stability on the 3Ј end were more stable than RNAs containing between the capped and uncapped RNAs, which was a block on the 5Ј end ( Figure 2 ). The half-life of the RNA observed with the polyadenylated RNAs, is maintained.
protected at the 5Ј end with a cap but lacking a block Similar results were also obtained by placing a stable on the 3Ј end is approximately 60 min (Figures 2A and stem loop structure at the 3Ј end or by using polyadenyl-2D). The half-life of an RNA lacking a cap and protected ated RNAs in an extract depleted for the deadenylating with a G 16 track on the 3Ј end is over 3-fold higher (Fignuclease PARN (data not shown) . The half-life of the ures 2B and 2D), while a polyadenylated RNA is more capped RNA with a G 16 track is greater than the 2 hr than 4-fold more stable ( Figure 2C ). These data support time course of the experiment, while the half-life of the the conclusion that degradation from the 3Ј end of an uncapped RNA with a G 16 is 90 min ( Figure 1D ). These mRNA is a major decay pathway in cells as well. Also results are consistent with the presence of 5Ј to 3Ј exorisimilar to the in vitro results, polyadenylated RNAs appear bonucleases in mammalian cells.
to undergo deadenylation as the first step in the decay process, and the deadenylation was indistinguishable regardless of the presence or absence of the 5Ј cap.
to 5 Exoribonuclease Activity Is a Major Contributor to RNA Decay in Mammalian Extract
The above experiments were carried out with RNA introduced into cells. We were also interested in deThe relative contribution of the different exoribonuclease activities to RNA degradation was next adtermining whether an endogenous mRNA undergoes a predominant 3Ј to 5Ј decay. To assess the decay pathdressed. The relative stability of capped and uncapped RNAs lacking a poly(A) tail is presented in Figure 1C .
way of an endogenous mRNA, we arbitrarily chose c-myc, a relatively short-lived mRNA, to enable detection of Both RNAs were equally unstable, with half-lives of less than 20 min. Similar results were also observed with decay products within a manageable experimental time frame. RNA was isolated from K562 cells at various times longer RNAs (data not shown). Quantitations of the results presented in Figures 1B and 1C using capped or following Actinomycin D treatment and was analyzed by RNase protection assays (RPA) using two different uncapped RNAs containing or lacking a G 16 track block at the 3Ј end are plotted in Figure 1D . Quantitations for probes. One probe was complementary to the 5Ј end of the mRNA, and the second was complementary to the polyadenylated RNAs ( Figure 1A) were indistinguishable from the G 16 -containing RNA and were omitted from the 3Ј end. We reasoned that RPA might be sensitive enough to detect the rare intermediates that are in the the graph. A comparison of the half-life for the 5Ј end protected capped pcP RNA to that of the 3Ј end proprocess of being degraded from one end or the other despite the rapid action of exoribonucleases. If the RNAs tected uncapped pcP-G 16 RNA, indicated a 5-fold greater contribution to the degradation of the RNA from were degraded predominantly from the 3Ј end, the relative ratio of mRNAs containing the 3Ј end would be less the 3Ј end. These results suggest that the 3Ј to 5Ј exoribonuclease activity is the major contributor to RNA degthan that containing the 5Ј end. The opposite would be true if the decay occurred from the 5Ј end. Cytoplasmic radation in mammalian extract.
To further substantiate the directionality of the degra-RNA was used in the analysis to eliminate potential complications of trapped transcription intermediates upon dation in extract, the G 16 track was inserted internally within the RNA at nucleotide 96. A block of 5Ј to 3Ј transcription arrest. As shown in Figure 2E (lanes 6-10 and graph), the relative ratio of mRNAs containing an degradation would generate a 56 nucleotide intermediate, while a block of decay from the 3Ј end would generintact 3Ј end relative to an intact 5Ј end decreased over time, indicating that the mRNA is predominantly deate a 112 nucleotide intermediate. As shown in Figure  1E , the 112 nucleotide band accumulates over time graded from the 3Ј end. Similar results were also detected using HeLa cells ( Figure 2E, lanes 11-15) . These when capped RNA is used, corresponding to a block of 3Ј to 5Ј exoribonucleases (lanes 2-4). A similar result was results are consistent with the directionality of c-myc Figure 3C , lation between the extent of RNA degradation and the accumulation of the decapping products was observed lanes 3 and 4). Competition with GpppG had no effect (lanes 5 and 6), demonstrating a requirement for the N-7 by using uniformly labeled RNA in an identical reaction (data not shown, similar to Figure 1B) . Similarly, the methyl group in the decapping specificity. Consistent with the methyl-specificity, capped RNA lacking the N-7 presence of a poly(A) tail on the 3Ј end also inhibited decapping ( Figure 4B ). Unadenylated RNA was consismethyl group was not decapped by this activity (data not shown). Surprisingly, in addition to inhibiting the tently decapped at a rate at least 5-fold greater than that of polyadenylated RNA (compare lanes 2-4 with m 7 GMP product formation, the m exosome proteins that includes hRrp40p and hRrp41p.
ultimately hydrolyzes the cap structure. We will refer to Discussion this activity as decapping scavenger (DcpS) activity.
The above data indicate that DcpS functions on mRNAs We present three findings pertaining to mammalian that have been degraded in the 3Ј to 5Ј direction. Since mRNA turnover in this report: first, the presence of a 5Ј the alternative pathway for mRNA decay in yeast proceeds to 3Ј exoribonuclease decay activity; second, the demthrough 3Ј to 5Ј decay mediated by the exosome complex, onstration that 3Ј to 5Ј exoribonucleolytic decay is the we reasoned a DcpS activity should also be present in major contributor to mRNA decay; and third, the presence yeast. A GpppG competitor was included in these reactions present in the database (GenBank accession number AF077201) and was originally obtained by sequencing to slow the decapping and enable detection of the most prominent peak. Otherwise, a broad peak extending to novel cDNAs isolated from human CD34 ϩ hematopoietic stem/progenitor cells (HSPC015; Zhang et al., 2000) . the 300 kDa range was detected (data not shown), suggesting that DcpS could also be in larger complexes.
This putative DcpS protein does not contain any recognizable motifs or domains and is not homologous to any Interestingly, when the same fractions were tested with cap-labeled pcP RNA rather than the cap structure, the other human protein in the database. Collectively, these Immunoprecipitations were carried out with 10 l of either specific antisera or preimmune sera bound to 20 l protein A beads. K562 Experimental Procedures S130 extract (300 g) was incubated with the antibody-coupled beads at 4ЊC for 2 hr in PBS containing 0.5% Triton X-100. Unbound RNA Production proteins were removed with five washes of the same buffer and two The pcDNA3 polylinker (pcP) RNA was transcribed by T7 RNA polywashes with IVDA buffer. Where indicated, the extract was initially merase from a PCR-generated template using the T7 and SP6 protreated with micrococcal nuclease (400 units/ml) at 37ЊC for 20 min. moter primers. RNAs containing 60 adenosines or 16 guanosines
The presence of DcpS activity was determined by using 32 P-labeled at the 3Ј end of the template were generated with a 3Ј SP6 promoter cap analog generated by Nuclease P1. The labeled cap analog was primer containing 60 thymidines or 16 cytosines, respectively. RNAs incubated with the immunopurified protein complex bound to the containing an internal G 16 track were similarly generated from PCR beads in IVDA buffer at 37ЊC for 20 min. The product was extracted templates that used primers to insert 16 guanosines at nucleotide once with phenol:chloroform (1:1) and twice with chloroform, and 96 of pcP. Uniformly labeled and capped RNAs were transcribed in the supernatant was resolved by TLC. vitro with T7 RNA polymerase in the presence of [␣-32 P]UTP and m 7 GpppG cap analog according to the manufacturer (Promega). Electroporation Uniformly labeled and uncapped RNAs were similarly generated except Uniformly labeled RNA (2 ϫ 10 7 cpm/0.5 g) was electroporated that the m 7 GpppG cap analog was omitted. In vitro transcribed, unlainto 10 7 K562 cells in a total volume of 400 l PBS in a 4 mm gap beled, uncapped RNAs were cap labeled at the ␣-phosphate (relacuvette using a BioRad Genepulser charged at 320V, 500F. All tive to the terminal guanine; m 7 G*pppG-) using the vaccinia virus reagents were kept on ice prior to electroporation. Following discapping enzyme (Shuman, 1990 ) with [␣-32 P]GTP and S-adenosylcharge, the cells were washed twice with PBS at room temperature, methionine (SAM), as described (Wang et al., 1999) . All RNAs were resuspended in prewarmed complete media, and placed at 37ЊC. gel purified prior to use as described (Wang et al., 1999) .
Cells were harvested at the indicated times, washed twice in PBS, and lysed by vortexing in 300 l lysis buffer (10 mM Tris [pH 7.4], Extract Preparation 100 mM NaCl, 2.5 mM MgCl 2 , and 0.5% Triton X-100), which was Human erythroleukemia K562 cells and HeLa cells were obtained spiked with a 32 P-labeled oligonucleotide as an internal control for from Cellex Biosciences (Minneapolis, MN), and cytosolic S130 ex-RNA precipitation and gel loading. The supernatant was extracted tract was prepared as described previously (Kiledjian et al., 1999).
once with an equal mixture of phenol and chloroform and the RNA PABP-depleted extract was generated by repeated incubations with was ethanol precipitated and resolved on a 7 M urea/8% polyacrylpoly(A) Sepharose beads, as described (Wang et al., 1999) . Yeast amide denaturing gel. total extract was prepared according to Zhang et al. (1999b) .
RNase Protection Assays In Vitro RNA Decay Assays
RNase protection assays were carried out as previously described In vitro mRNA decay assays were carried out at 37ЊC with 50 g of (Wang and Kiledjian, 2000a), using an antisense RNA to nucleotides S130 extract for the indicated times in IVDA buffer (10 mM Tris [pH 249-350 (5Ј end) and to nucleotides 1829-2032 (3Ј end) of the c-myc 7.5], 100 mM potassium acetate, 2 mM magnesium acetate, 2 mM mRNA. The RNA were transcribed in the presence of [␣-32 P]UTP DTT, 10 mM creatine phosphate, 1 mM ATP, 0.4 mM GTP, and 0.1 from a PCR-generated template that inserted a T7 polymerase promM Spermine), as previously described (Wang et al., 1999) 
